Abstract. The transformation of natural forest regeneration processes by human activities has created the need to develop and implement new models of forest management. Alternative silvicultural systems such as variable retention harvest, partial and patch cuts, and older forest management practices such as under-planting, are used in many forests around the world, particularly in North American oak stands, the boreal and coastal temperate rain forests of Canada and the United States, and in many degraded tropical regions of Asia and the Americas. Specific objectives are pursued in each of these biomes, but some are common to most regions, such as preservation of cover and structure and their associated benefits for natural or artificial regeneration due to moderation of the microclimate, development of optimal light and competition conditions, and reduced predation by herbivores. Shelterwoods are often presented as an alternative to clear-cutting to improve the survival of planted trees. A meta-analysis of published results with randomization tests was performed to test the relationship between overstory density and planted seedling growth and survival. Multiple comparisons were also used to reveal optimal levels of overstory density, if they exist. A majority of studies show that survival and growth improve as stand density decreases to an intermediate level, below which they either drop or stabilize. This level seems optimal in most conditions, as it is also more apt to fulfill other objectives imposed on today's forest activities, such as the conservation of forest processes and structures, and the reconstruction of degraded stands through the accelerated return of mid-to late-successional species.
INTRODUCTION
The interruption or changes in forest regeneration processes induced by human activities is prevalent in many places around the world (Kozlowski 2002) . Many stands show regeneration problems even several decades after harvesting or agricultural abandonment. These problems range from the simple lack of regeneration to a shift to species composition that is less desirable economically and ecologically. In response, we have seen during the last decades the emergence of ecosystem management and alternative techniques such as variable retention harvest, patch or partial cutting, and the recycling of older practices such as under-planting in shelterwoods, two-storied or mixed stands, and continuous cover forestry.
This new forestry is presented as a valuable alternative to forestry practices that have, in many places, not been able to fulfill their dual role of providing developing economies with a much-needed resource and ensuring adequate regeneration for a sustainable harvest (Rowe 1992 , Greene et al. 2002 , Mitchell et al. 2004 ). These silvicultural approaches are used in biomes as different as tropical or boreal forests, and deciduous or coastal temperate forests (Fig. 1) . They share the common objective of the preservation of forest cover and structure and their associated benefits for natural or artificial regeneration. Silvicultural practices such as two-storied and uneven-aged stand structures are proposed to achieve structural objectives, as well as those of timber production and aesthetics (Brandeis et al. 2001) . They are a response to situations where the natural recovery of forest composition is compromised or too slow and unpredictable to provide the forest products and services required by increasing population growth , Kozlowski 2002 .
Transformations of natural landscapes by human activities have profound implications for future resource management Domon 1997, Kozlowski 2002) , and current demands on the world's forests for social, environmental, and economic benefits require new approaches and rapid implementation of relevant results (Harrington 1999 , Burley 2004 . Forest plantations now have the potential to provide wood and nonwoody products, as well as to promote the conservation of natural forests (Food and Agriculture Organization of the United Nations 2001). 1 E-mail: alain.paquette@gmail.com
Shelterwoods: common and specific objectives
Although ''shelterwood'' can refer to a specific silvicultural technique used particularly in northeastern U.S. oak forests (regeneration cut followed by overstory removal, see Johnson et al. [1986] ), the term is also used to describe the residual forest cover under which natural or artificial regeneration is managed after a partial cut (Sauvageau 1995 , Ashton and Peters 1999 , Langvall and Orlander 2001 ; the latter is used in the present work. The alternative silvicultural systems share the common features of producing an environment, the shelterwood, that is favorable to tree regeneration (Fig. 1) . Many subscribe to the general concepts of ecosystem management and continuous cover forestry, as a response to criticisms of forest overexploitation, monocultures, and clear-cuts in particular (Rowe 1992 , Kenk and Guehne 2001 , Rojo and Orois 2005 . The methods associated with these concepts have the potential to achieve the objectives of sustainable development described in the Rio/Helsinki accords and of the certification of forest products (Pommerening and Murphy 2004) , although these objectives of acceptability of forest practices are explicitly stated only in the boreal and coastal temperate forest literature ( Fig. 1) (Lieffers et al. 1996 , Barg and Edmonds 1999 , Greene et al. 2002 .
Shelterwoods are used in the boreal and American oak forests to establish regeneration before overstory removal by commercial harvesting (e.g., Brose et al. 1999 , Spetich et al. 2002 , Zaczek 2002 . Regeneration of white spruce (Picea glauca [Moench] Voss) by the management of naturally occurring or planted seedlings following clear-cutting often proves difficult and expensive (Youngblood and Zasada 1991 , Lieffers et al. 1996 , Stewart et al. 2000 , and is increasingly challenged in the boreal forest for aesthetic reasons, real or perceived environmental damage, and its variable efficiency at establishing the next cohort of conifers. Fire, naturally associated with the oak forests of northeastern America, is now controlled and has been replaced by the harvest of mature stands as the major perturbation (Lorimer et al. 1994 , Buckley et al. 1998 . Traditional, single-cut harvesting, however, has proven ineffective in ensuring adequate regeneration of oak stands, which are often replaced by less desirable species after harvesting. The proposed solutions involve a preparation cut to create a shelterwood under which natural or artificial regeneration can establish prior to the removal of the residual overstory ( Fig. 1; Johnson 1984 , Loftis 1990 .
Enrichment planting can be used under a thinned overstory where the objective is the introduction of valuable species in degraded forests. It may be useful in areas where natural regeneration is insufficient, for reintroducing species that have disappeared following overexploitation, or to establish forest species that are inappropriate in open plantations. It may include planting of species of commercial or local value, using different approaches such as under, gap, or strip planting. Such is often the case with overexploited, early-successional, tropical forests of Asia and Central and South America, in stands no longer offering the possibility of a harvest in the mid-term, and where ecological restoration is an objective ( Fig. 1 ; Aide et al. 2000 , Ashton et al. 2001 , Martinez-Garza and Howe 2003 . Rehabilitation of non-productive stands or former natural ecosystems using enrichment planting is also used in the southern United States for the restoration of bottomland hardwood forests (Gardiner et al. 2004) , and in the eastern United States to restore the once important chestnut (Castanea dentata Marsh. [Borkh.]) (McCament and McCarthy 2005) . It is also used for the conversion of even-aged plantation monocultures into mixed or two-storied stands and generally more complex systems (Truax et al. 2000 , Kenk and Guehne 2001 , Parker et al. 2001 .
Under-planting is generally better accepted because it combines an artificial approach (planting) with the management of the existing natural stand (the shelterwood). It allows for the maintenance of a vegetation structure composed of different layers and complex assemblages of plants of various sizes and functions, and as a result retains a forest character (e.g., Lahde et al. 1999 , Pommerening 2002 , Drever and Lertzman 2003 . Maintaining a forest structure may contribute to conserving biodiversity and ecosystem functions in managed stands (McComb et al. 1993 , Hansen et al. 1995 . Accelerated development of mature forest characteristics can be facilitated by moderate thinning or partial harvesting to favor the establishment of natural or artificial regeneration (McComb et al. 1993 .
Several advantages of a forested environment, such as a shelterwood, are stated in the literature for the developing natural or artificial regeneration and are schematized in Fig. 2 as a function of residual density. The forested environment, as opposed to a clear-cut or very thin density retention, would improve the survival of planted trees by protecting them from excessive evapotranspiration, wind and temperature extremes, and associated damage (e.g., Langvall and Lofvenius 2002 , Agestam et al. 2003 , Pommerening and Murphy 2004 Fig. 2) . Predation, particularly by deer in temperate forests, could be reduced by the retention of cover (Buckley et al. 1998 , Agestam et al. 2003 . Competition by herbaceous plants and understory shrubs should also be reduced (e.g., Lieffers and Stadt 1994 , Truax et al. 2000 , Carnevalea and Montagnini 2002 Fig. 2) , which would allow an effective establishment of the planted trees and their positive reaction to an eventual opening of the residual stand (Johnson 1984 , Gordon et al. 1995 , Buckley et al. 1998 . Height growth and trunk shape should be improved by the preservation of a vertical structure (Schu¨tz 2001, Pommerening and Murphy 2004) . These alleged advantages of a shelterwood are not always documented by formal experimental testing in the literature, and when they are, results are not always conclusive.
The shelterwood method essentially seeks to create a compromise in the light environment, to reduce competition by decreasing available light, while still ensuring a sufficient quantity for tree regeneration establishment (Lieffers and Stadt 1994) . A wide range of light conditions can be induced by a gradient of tree retention (Drever and Lertzman 2003) , and will impact differently on several factors. While many studies discuss some or all of these issues, conservation and succession usually remain as concepts, and are not subjected to experimentation. Some studies do present data on protection (from extremes in temperature, frost, wind, etc.; e.g., Barg and Edmonds 1999 , Man and Lieffers 1999 , Langvall and Orlander 2001 , and predation (e.g., Gordon et al. 1995 , Buckley et al. 1998 , Truax et al. 2000 . The bulk of papers presenting results from field trials, however, are concerned with growth (mostly height growth) and survival of under-planted trees. Survival and growth are what practitioners are looking for from forest management, but they can also be used as indicators of the success of the shelterwood technique to protect the planted trees from climate extremes, predation, and understory competition, and to improve future stand composition and productivity. literature, we chose published results of survival and height growth for the basis of this investigation of the success of the under-planting technique. The conservation of residual forest cover by thinning prior to underplanting has been suggested as a method of improving the survival of planted trees. It is often simply proposed as an alternative to clear-cuts, in which survival would be reduced, especially in boreal ecosystems (Man and Lieffers 1999, Langvall and Orlander 2001) , but it is rarely discussed as a function of the whole range of residual densities (Fig. 2) .
Annual increments that are below the potential of the species planted are often deemed satisfactory, as the emphasis is put on the successful establishment of planted trees and their capability, at the appropriate time, to respond positively to the opening created by the overstory removal or successive partial releases (Johnson 1984 , Spetich et al. 2002 . Nevertheless, researchers and forest practitioners tend to predict better growth under a managed partial overstory than in a clear-cut; best growth is predicted where an optimal compromise is reached between controlling competition and allowing enough resources (mostly light) to reach the planted trees (Lieffers and Stadt 1994 , Buckley et al. 1998 , Truax et al. 2000 Fig. 2) . A considerable body of data from under-planting trials is available, but only rarely do any of the published studies cover the whole range of overstory densities, from a fully stocked unmanaged stand to zero residual overstory, that would be necessary to fully demonstrate the effect of the methods involved. This demonstration is facilitated by the use of already published data of survival and growth in a metaanalysis, a powerful tool which allowed us to bring together data from several studies conducted under a wide range of overstory densities, and to reveal patterns that are not obvious when single studies are examined (Goldberg et al. 1999 , Go´mez-Aparicio et al. 2004 . By testing survival and growth of under-planted seedlings for five classes of overstory densities in four documented biomes, we used meta-analysis to answer the following questions: (1) Is there a significant relationship between overstory density and survival or growth of artificial regeneration?, and (2) If significant, can an optimal density of residual overstory be identified? If the partial retention of forest cover is found optimal, that would lend support to alternative forestry practices targeting the preservation of forest cover and structure.
METHODS
A common basis for comparison was needed to complete the meta-analysis. Residual density levels, either applied or recommended, are often defined using basal area, canopy cover, line opening width (in the case of strip or line planting), or even stocking, a qualitative expression of the adequacy of tree cover on an area, in terms of crown closure, number of trees, basal area, or volume, in relation to a pre-established norm (Haddon 1988) . This can make the interpretation and comparison of thinning prescriptions very difficult (Dey and Parker 1996) . We constructed an overstory density index from canopy opening values, stocking values, the ratio of opening width to neighboring trees or original canopy height, or available light values, using the cases where two or more of these measurements were given (Kim et al. 1996 , Buckley et al. 1998 , Man and Lieffers 1999 , Parker et al. 2001 , Pen˜a-Claros et al. 2002 , Drever and Lertzman 2003 , Maas-Hebner 2005 . We also used our own data of light and canopy openness (Paquette et al., in press ). Special care was used in cases for which measurements did not match, for example when light was measured some years after the silvicultural treatment was applied (e.g., Drever and Lertzman 2003) , giving enough time for at least some vegetation layers to partly recover (Paquette et al., in press) . We then combined these data to create the overstory density index presented in Table 1 . This index allows for a classification of the literature according to results obtained in terms of survival and height growth in relation to overstory density (Table 2) .
Five classes of overstory density were used in close association with the literature. We begin with trials conducted under uncut (UC), unmanaged closed canopies, often referred to as ''control'' treatments. This is followed by three contrasting levels of shelterwood densities for which trials were conducted in most biomes. These levels are arbitrary but they were chosen because they represented the range of conditions used in the literature while still offering as much contrast as possible. Studies presenting results for several levels mostly used contrasting levels that fell within those used here. We complete this index with trials conducted in clear-cuts (CC), which is also a point of comparison often used in under-planting literature.
We then reviewed all recent papers reporting growth or survival data for planted trees under shelterwoods around the globe. Data in sufficient numbers could be collected for only four biomes: the temperate deciduous forest of the northeastern United States, where mostly red oaks (Quercus rubra L.) are used; the boreal forest of western Canada and Alaska, using white spruce; the tropical Americas and Asia, using several species of economic or ecological value; and the coastal temperate rain forest of British Columbia, Canada, and Oregon, USA, using mostly the typical conifers of these forests (Table 2) . We included results from peer-reviewed articles in which survival or growth could be calculated and overstory densities used were given or could be calculated. We found no evidence of paper bias according to journal quality, such as measured by an ''impact factor'' (i.e., Journal Citation Reports; Murtaugh 2002). After careful review, 24 papers presented usable data and were retained for the meta-analysis of survival and growth of under-planted trees according to the overstory density level used. Many of these studies presented results for several species, overstory densities, or sites; a total of 191 entries of survival results and 165 entries for growth were recorded (Table 2) .
Some measure of ''effect size'' is ordinarily used in meta-analysis where, for example, the absolute or relative difference between ''control'' and ''treatment'' are presented (Osenberg et al. 1999 ). We do not have a clear ''treatment effect'' here, but rather a range of overstory conditions under which trials were conducted, sometimes comparing results between levels, sometimes between one shelterwood and some ''control,'' uncut forest, or, at the other end of the gradient, a clear-cut, or even simply reporting results for one shelterwood treatment. Raw data of growth and survival were therefore used to compare results between overstory density levels.
Published results varied in time span from plantation establishment, which could be a problem in metaanalysis (Goldberg et al. 1999 , Osenberg et al. 1999 ). All efforts were made to recover initial heights and calculate yearly height increments using the following equation (for example, from histograms, when annual height increments were not published per se) so that experiments could be compared on a common basis:
The difference in time is more challenging for published results of survival, because mortality is often reported to be concentrated almost exclusively in the first year or first few years after plantation (Tworkoski et al. 1986 , Cogliastro et al. 1990 , which would tend to suggest the use of an overall mortality (at the end of the experiment). However, other studies reporting detailed survival data (per year or even month), especially in the tropical biome, present rather regular, continuous patterns of mortality for the duration of the study (Ramos and del Amo 1992) , or reported annual rates directly (Pen˜a-Claros et al. 2002) , lending support to the use of a yearly survival rate. In Table 2 , we report survival as a final rate at the end of the study, and the number of years during which the study was conducted.
For the meta-analysis we used both forms of survival rates, which will be discussed further. The annual rate of survival is obtained from final rates from the following equation, which is easily reversed to obtain final rates from annual data:
Annual survival rate ¼ final survival rate ð1=number of yearsÞ :
As a general rule, one entry is made in Table 2 for each independent observation. For studies reporting results of multiple manipulations, experiments were considered independent observations if (1) they involved different species, or (2) different (independent) levels of overstory density, or (3) different sites were used (Englund et al. 1999) . Replicates within the same site are not considered independent observations (an average is then used). Only results for planted trees are used; direct seeding or natural regeneration trials are excluded because their growth and survival cannot be compared with planted seedlings in the first years. When different planting stocks of the same species were used, an average was made. Treatments of fertilization and/or post-planting competition control using herbicides are excluded, but studies using herbicides for stand preparation before planting are included. Open field trials are not included since they are different from clear-cuts. However, some treatments not intended as clear-cuts, for example some ''green tree retention'' or ''patch-cut'' trials, were included in that category because they had almost no canopy cover left or openings that were greater than twice the height of the neighboring forest (Table 1 ). In the case of studies where the reduction of the stand density was incremental, we retained the most pertinent level, defined as the level at which planted trees made the greater part of their recorded growth. When animal browsing or other mechanical damage was measured and significant, only damage-free seedlings were retained here.
STATISTICAL ANALYSIS
Although a weighted analysis would have been preferable (weighing of each entry by the inverse of its sampling variance; Gurevitch and Hedges 1999), only some papers gave any measure of growth variance (including error bars on histograms). This is often the case in ecology, but should not preclude the use of metaanalysis given the importance of the body of literature (Goldberg et al. 1999, Gurevitch and Hedges 1999) . Variances are almost never given for survival data since it is an absolute value, unless replications of treatments are used (with blocks for example). Unweighted randomization tests (Goldberg et al. 1999, Gurevitch and Hedges 1999) were therefore done on published (Anderson and Legendre 1999) . This allowed for the computation of a pseudo-F statistic (the ratio of constrained to unconstrained inertia from a redundancy analysis) and corresponding probability with one degree of freedom for both the model and the residuals. Within each biome, only those density classes with two or more entries were used for the analysis. More randomization tests were then computed where significant relationships were found to further test for differences between classes of overstory density. These a posteriori multiple comparisons were performed by recoding the datasets so as to contrast density levels (sum of contrast coefficients equals to zero). The computation is the same as the above multiple regressions, and is repeated for all possible pair-wise comparisons within a biome. A multiple comparisons table was then constructed using the appropriate DunnSidak corrected alpha levels found with the following equation (Sidak 1967) , where a is the global type I error (0.05) and c is the number of possible comparisons:
Both the a posteriori approach for all possible comparisons and the Dunn-Sidak correction are considered conservative.
RESULTS AND DISCUSSION

Survival
Overall survival (at the end of the experiments) of under-planted trees did not show a significant relationship with overstory density levels in most biomes (except coastal temperate) (Table 3 ). This could be due to much variation in study durations ( Table 2 ) that could preclude the use of this response variable for the analysis of otherwise comparable studies. Annual survival rates, on the other hand, are free from this variation and offer the possibility of comparing such results on a common basis (one year). Significant relationships are then detected for all biomes except the boreal forest (Table  3 ). Although differences seem small (in absolute values), the survival rates are annual, and mortality differences will compound over the years and could become Most often reported survival (at the end of the study). à A third treatment was available but could not be used here since the release was applied three years after the trees were planted (see Methods).
§ The trees were under-planted three years prior to treatment; only the three species listed are used. jj Six sites were used, but two of them were old fields (not clear-cuts; see Methods). } Trees were under-planted three years prior to treatment, and then a shelterwood was applied for two more years, after which the trees were completely released; only the years under shelterwood are used for growth (mortality occurred within the first years).
# Six sites were used, but only means were published. Results are given for third and fifth years; an average of these two results was used here. àà Three sites were used, but only means were published. § § Survival under the ''no thin'' treatment (UC) was given after four years (eight years are used elsewhere). jj jj Due to the high mortality of trees planted under the ''no thin'' treatment (UC), growth data were not presented. }} Severe browsing by elk prevented the authors from testing for a treatment effect on Acer macrophyllum. important, as is the case here. Within-group variances are also very small, and differences can be effectively detected (Table 3 ). In the temperate deciduous forest of northeastern America, survival seems constant throughout the range except in the deepest shade (uncut, or control trials) where it drops to 93%, but a trend is not easily identified because only two opposite levels of shelterwood (dense and light) give results significantly different than those from an uncut forest (UC; Fig. 3) .
In tropical forests, the maximum annual survival of planted trees is reached with an intermediate shelterwood and it is significant (Fig. 3) . The greatest increase in annual survival was found to be between the uncut forest and the dense overstory (Table 3 ). The gain is smaller from dense to intermediate densities, and drops under a light shelterwood or clear-cut (this last level was not included in the statistical analysis because only one observation was available; Table 2 ). Tropical survival data are more variable and show lower survival rates than in other biomes (Table 3) , probably because of the greater number of species and poor knowledge of their light requirements (e.g., Å djers et al. 1995, Davidson et al. 2002) .
In this biome many authors presented results for several species, the survival rates of which were sometimes very different, even nil (in such cases that species was not retained for assembling Table 2 ). It is interesting to note that Montagnini et al. (1997) report results for 11 species, none of which could be found in an earlier review by Weaver (1987) of 160 species used in enrichment planting trials in tropical America alone (only three genera were common to both papers). In the present review, out of the 15 species reported for the tropical Americas (Table 2) , only five are included in Weaver's review, three of which had previous success in enrichment planting (C. alliodora, D. morototoni, and S. macrophylla). All species used in Asia are Dipterocarpaceae with only one exception (D. zibethinus, Bombacaceae). Although Dipterocarps are a major source of prime wood in tropical Asia, little is known about their silviculture and light requirements which cover a wide range of shade tolerance (Å djers et al. , Tuomela et al. 1996 . A significant increase in survival (both overall and annual) is detected in the coastal temperate rain forest biome between the unmanaged forest and the dense shelterwood (Fig. 3) . Survival then rises slowly all the way to the clear-cut but no significant differences could be detected between these classes, even after re-running the analysis without the entries for the uncut level (which could have masked other, smaller, differences between the remaining levels). The largest gain by far, and the only significant one, is again observed with only a small reduction in density (between an uncut forest and a dense shelterwood) already insuring adequate survival of under-planted trees (Fig. 3) .
No overstory density effect on planted tree survival could be detected in the few papers available for boreal forests. Other results from direct seeding (Youngblood and Zasada 1991) and natural regeneration trials (Wurtz and Zasada 2001) , found no effect of overstory density on survival. Scarification, on the other hand, which reduces understory competition, is generally recognized as an effective method of promoting the establishment and survival of naturally regenerated or direct seedings of spruce (Stewart et al. 2000) . More research is needed, therefore, to identify optimal residual density for reducing understory competition and promoting seedling survival in that biome. Lieffers and Stadt (1994) successfully achieved understory competition reduction and optimal spruce growth with an intermediate shelterwood, but they counted on natural regeneration and did not provide survival results.
It could be argued that the overall survival reported in many studies mostly occurred in the early years of establishment and could be artificially reduced with the use of annual data in the case of studies that were run over several years. This could be a serious problem if studies largely different in time span were reported under different overstory levels (short studies at one end of the range and longer ones at the other end, for example). This is not the case here, and several studies present results over two or more overstory levels (with the same duration; Table 2 ). Also it seems that contrary to survival in traditional open field plantations, mortality under a partial overstory occurs over a longer time period, many studies still reporting significant losses after more than five years, which would support the use of annual survival rates. Survival of planted trees generally increases with decreasing stand density, but this is significant only between the uncut control trials and any level of shelterwood, after which no gain is observed. Reduced survival with further thinning of the overstory is only observed in the tropical biome. However, several studies have measured less favorable microclimates in clear-cuts under many forest types (Man and Lieffers 1999 , Langvall and Orlander 2001 , Langvall and Lofvenius 2002 . Only Ramos and del Amo (1992) and Buckley et al. (1998) have succeeded in showing a decrease in survival (accompanied by an increased growth of the surviving trees) with a major reduction of the stand's density. Agestam et al. (2003) , studying beech seedlings (Fagus sylvatica L.), have measured greater damage to plants after a clear-cut, particularly by frost, but also better growth. Explanations considered for this phenomenon mostly concern climate, the extreme effects of which would be moderated by a shelterwood, even when sparse (Barg and Edmonds 1999 , Man and Lieffers 1999 , Langvall and Lofvenius 2002 , Agestam et al. 2003 , Pommerening and Murphy 2004 .
Growth
There is a definite progression and significant relationship of annual height increments with decreasing stand density in the deciduous and tropical biomes for the first levels of density (Table 3) . As with survival, the greatest absolute gains in growth are observed with only a small thinning to the dense level. The a posteriori tests performed on the temperate deciduous biome results, although conservative and already showing significant differences (Fig. 3) , may not be very relevant because the somewhat predictable results from the uncut trials could mask the more important differences between thinning densities. We tested that by contrasting the intermediate shelterwood, which demonstrated maximum growth, against the dense and light shelterwoods and the clearcut together, with a significant result (P ¼ 0.0124). Growth is at a maximum in the temperate deciduous forest under intermediate shelterwoods and is significantly reduced with further thinning of the stand. Most studies report results for red oak, which is moderately shade tolerant (Sander 1990 ) and intolerant of understory competition as demonstrated by Smidt and Puettmann (1998) . The intermediate level of overstory density, where maximum growth is observed, offers a good compromise and corresponds to the model of Buckley et al. (1998) , where optimal growth should be obtained at an intermediate level of overstory density.
The growth values reported for the deciduous forest are not very high, however, and are below the minimum levels suggested by Johnson (1984) for ensuring the establishment of red oak in shelterwoods. It could be that height growth is decreased but diameter growth increased in lower density stands and clear-cuts, which is actually one of the alleged benefits of under-planting. Better height growth for red oak is often reported in open fields on former farm land when weed control (chemical, mechanical, or physical barrier) is applied (Cogliastro et al. 1990 , but a comparison with a clear-cut is inappropriate and these results were not included here.
In the tropical biome, the maximum growth is reached with light shelterwoods (Fig. 3 ; only one entry was made under the clear-cut category and it was not included in the analysis). The height increments are higher, as FIG. 3 . Survival rates and annual height increment (mean 6 SE) for each overstory density within four documented biomes. Key to abbreviations: UC, uncut; Dsw, dense shelterwood; Isw, intermediate density shelterwood; Lsw; light density shelterwood; and CC, clear-cut. Results of multiple comparison analyses are given (means not sharing the same letter are different) for a global type I error of 0.05 (critical Dunn-Sidak corrected values are 0.0051 and 0.0085 for comparisons of five or four levels, respectively). Multiple comparison tests were computed only on significant relationships (Table 3) ; all classes are otherwise considered equal.
expected, but results are again highly variable (Table 2) , probably for the same reasons as for survival (a great number of species used and poor knowledge of their ecology). In the tropical biome, growth does increase with decreasing stand density, but the greatest gains are acquired with only a small thinning from uncut, control forests (20 cm) to a dense shelterwood (40 cm; Table 3 ). Å djers et al. (1995) do not report any additional gain in growth when cut strips exceed two meters in width in a three meter high young tropical stand. Although some efforts are being made to better understand the species requirements for tropical reforestation purposes (see Davidson et al. 2002) , this knowledge is incomplete. Weaver (1987) found that only about 15% of the 160 species reviewed for enrichment planting purposes had any success.
In the boreal biome, no significant relationship could be detected between growth and density, but the maximum absolute height growth is reached with a light shelterwood (Table 3) . Reported growth of planted white spruce is generally small, as is expected from this biome. Partial cuts are often proposed as alternatives to clear-cuts in the boreal forest to control understory competition and maintain mixed species composition to mimic natural stand dynamics Stadt 1994, Greene et al. 2002) . According to Lieffers and Stadt (1994) , acceptable leader growth of 9-25 cm for midtolerant white spruce can be obtained at light levels between 15% and 40% transmission, and no differences in height growth are noted between seedlings growing at 40% and those in open, clear-cut sites.
Four levels of density had sufficient data for the analysis in the coastal temperate biome, but no density effect could be detected (Table 3 ). The decrease in height growth in clear-cuts is not significant, and all results from that level came from a single study (Mitchell et al. 2004) in which the light shelterwood treatment actually produced lower growth than in the other more open treatments presented, including a clear-cut. Only one study reported results under an unmanaged overstory (it was not included in the analysis); at 5 cm of annual height growth, it is very much lower than the average. Because most or all trees died under the control (uncut) treatment in the study by Maas-Hebner et al. (2005) , height growth of the few survivors was not reported and could not be used here, though it was probably very low and would have confirmed the trend we observed, which is a highly probable, significantly reduced growth under uncut stands. Brandeis et al (2001) reported growth increments in volume, and these data could not be included in the statistical analysis either, but they showed a gradual increase for all four species with the thinning of the stand (from dense to light shelterwoods).
As with other biomes, the greatest gains in growth were obtained at relatively dense levels of overstory. All conifer species used in this biome are considered shade tolerant or even very tolerant (except P. menziesii, sometimes described as intermediate). But several studies on natural regeneration found that these species generally grew best under full or nearly full light (reviewed in Brandeis et al. 2001) . Few data are available for planted seedlings, although they are used in great numbers, and the few results reviewed here do not concur with natural regeneration trials, as both growth and survival were not improved significantly with further decreases in the stand density past a dense shelterwood. This points to a probable ''planting shock'' experienced by conifer seedlings in clear-cuts due to increased understory competition, unfavorable microclimate, and the newly planted seedling's inability to compete in the year or years immediately following plantation (Man and Lieffers 1999, Maundrell and Hawkins 2004) . Although naturally regenerated conifers can perform well in clear-cuts and under other light density management such as patch cut or green tree retention, some partial shade is needed to protect the planted seedlings initially and allow them to get established before the final cut or additional reductions of the residual overstory.
CONCLUSION
Under-planting activities have proven to be effective methods of artificial regeneration in many forested habitats around the globe. In temperate deciduous forests, tropical forests, and coastal temperate rain forests, increased survival of under-planted trees is ensured by only a moderate thinning of the stand to a dense or intermediate density. Survival is stable or improves slightly with further decreases in overstory density, except in the tropical biome, the only one where a significant decrease in survival rate is observed at lighter densities, pointing to an optimum intermediate level. Growth follows a similar pattern in most biomes, with a sharp increase with only a moderate thinning to a dense shelterwood. Growth keeps improving slightly with further thinning of the stand to a light shelterwood in tropical forests. The growth of under-planted trees is significantly reduced in the temperate deciduous biome under shelterwoods thinned beyond an intermediate density, pointing again to an intermediate density for this biome.
In general, the greatest gains in survival and growth are achieved before or at an intermediate level of shelterwood and stabilize or decrease under thinner stands. Under thinner shelterwoods and clear-cuts, protection from climatic stresses such as frost and wind, as well as from predation, is diminished, while undergrowth competition is higher. An intermediate level of overstory density seems to be a good compromise in most cases, where resources and protection are balanced. Forest managers should note that any level of shelterwood is temporary, and light levels will decline as the stand recovers. This will occur at varying rates, fastest in tropical biomes and slowest in boreal biomes. In most cases, regular maintenance is strongly suggested, at intervals that vary according to biome and species under-planted. The keys to sustained growth are an optimal intensity of the initial thinning to ensure successful establishment, and the correct timing of the subsequent interventions.
In the biomes surveyed, light shelterwoods and clearcuts present no definite advantages in growth or survival over denser conditions, which are often better accepted and apt to fulfill the other objectives now imposed on forest management, such as the conservation of structure and processes in a forested landscape. Our analysis suggests an optimal thinning density for the growth and survival of under-planted seedlings. However, further research is needed to demonstrate whether sustainable management objectives can also be achieved through thinning and under-planting.
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